Abstract. The ionisation potential of an atom in a laser field is known to be intensity dependent. Previous theories apply only to a non-resonant field. The result is extended to the case of the N , photon resonance where N , is any positive integer. The new result contains several new features. Rapid frequency dependence is one and a dependence upon the conditions in which the atom enters the field is another.
In a recent series of papers a remarkable result was obtained, that an intense laser beam causes the ionisation potential of an atom to increase above its field-free value. It was first shown in the experiment by Kruit et a1 (1983) . Muller et al (1983) then showed (by the complex coordinate dilation method) that the phenomenon occurred in the Berson (1975) model which describes a particle in a zero-range potential and a circularly polarised electromagnetic field. Muller and Tip (1984) also used the same method to show that the same result applied for a hydrogen atom in a circularly polarised field. Mittleman (1984) showed, with a 'simple man's theory' (SMT), that a similar result applies for any atom (or molecule) in a field of any polarisation. The result is
(1) where X ( 1 ) is the local ionisation potential (LIP) of the atom in the field of intensity 1. It determines the minimum number of photons, N, required for ionisation.
where w is the laser frequency ( h = 1). The ponderomotive potentials for the electron, U:', and ion, U:', for a linearly polarised field are 
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Letter to the Editor total momentum operator for the 2 electrons And the sum (integral) extends over the complete set of states.
The SMT involves nothing more than the assumptions of energy conservation (modulo w ) for the individual motions of the atom, ion and electron as they move into and out of the laser field. This is true for a Hamiltonian which is periodic in time (Shirley 1965). The derivation is then strictly valid for a steady single-mode laser beam. However, since the result (1) depends only upon the intensity at the atom, it is reasonable to hypothesise that it also applies for the case of an atom overtaken by a laser pulse which switches on and off adiabatically in the frame of the atom. Briefly, the derivation uses energy conservation for the motion of each of the particles. This allows us to relate the kinetic energy of a particle outside the beam to that in the region of the ionisation. The relation involves the potential in which the particles move. This can have two components, the ponderomotive potential for a charged particle, and A WO for a particle with internal degrees of freedom.
In other experiments (Miller and Compton 1982, Quit et a1 1981) the ionisation is accomplished via an intermediate resonance in which N, photons are absorbed to carry the atom from the ground to some intermediate state and then the remaining photons are absorbed non-resonantly. In that case (1) is no longer correct but the SMT can be used to obtain the new result.
We assume that fluorescence may be neglected. The case N,= 1, one-photon resonance, must be distinguished from others. For N,= 1, we assume a resonance given by w = Wlo and we use a form of degenerate perturbation theory to obtain the new (dressed) states coupled by the laser. This has been done in a variety of ways previously (see, for example, Mittleman 1982) so only the results will be presented here. The dynamic Stark shift A W:"" of the states j = 0 and 1 due to all the remaining states is obtained. (This is obtained from (4) by deleting the terms n = 0, 1 from the sum.) Then these shifted states are coupled by the two-state rotating-wave approximation to give the states of the atom in the laser. They can be written in the atomic rest frame as
where Wj = y. + A *."I,, ( j = 0, 1). The detuning parameter, p, is defined by
where
The coupling energy between states uo and U , , is
and the Rabi frequency is given by
Note that W,! and 8 are intensity, and consequently position, dependent and since the atom is moving they are time dependent. (Hence the final exponential form in ( 5 ) )
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The atom starts outside the laser in its ground state (uo) and as it moves adiabatically into the field the state becomes 0+, (0-) for A w ( c~) > O(Aw(co) < 0). As in the SMT, the change in the internal energy of the atom (modulo w ) acts as a potential for the centre-of-mass motion. For Aw(00) > 0 this is given by the phase of either term of 0+, 
This replaces the potential A Wg) that occurs in (1) for the non-resonant case. For large (positive) detuning it is easily shown that (10) goes over into (4) as it should. For negative detuning we obtain a similar result from 0-and the two may be summarised in the form
Then the new result for the ionisation potential is
For the case in which the resonance is for more than one photon, ( w --Wl0/N,, N , > 1) the result is obtained in a similar way. The shift of the atomic states is obtained directly from (4), no states need be deleted from the sum and the only change in the states ( 5 ) and the definition of the parameters (6)-(9) is that the coupling energy between the states, A, is changed. It is obtained from lowest order perturbation theory. For example for N , = 2
The new form of the ionisation potential (12) has some properties not contained in the non-resonant result (1). First, it exhibits a much more rapid frequency dependence than the non-resonant one. The discontinuity arises from our neglect of processes such as fluorescence and ionisation which couple the two states, 0*. Their inclusion would mean that the condition that Aw(c0) > O(Aw(c0) < 0) produces only the state @+(a-) is violated. The effect would be the smoothing out of this discontinuity in a manner such as
Aw(cO) ~
A 4 * ) IAw(co)l ( A w 2 (~) +(r/2)2)"2 where r is of the order of the decay rate of the state due to these newly included effects. If this is small, then the function is continuous but rapidly varying. Second, its intensity dependence is more complex. The non-resonant result is linear in I but the appearance of 8 in (12) gives a different behaviour depending upon N,. Third, the ionisation potential is no longer local in the sense that it depends upon more than just the intensity at the atom. It also depends upon the sign of the detuning as the atom enters the laser. For this reason it is unlikely that the result, obtained for a laser beam (the periodic Hamiltonian) applies to the laser pulse.
The observation of these new phenomena depends upon the term containing 8 in (12). It must 'show up' relative to U:' which is the dominant term of all the others.
